Background: The purpose of this work was to find a rapid method for glycerol detection during microbial fermentations. The method requirements were, first, to avoid sample pretreatment, and second, to measure glycerol precisely especially out of fermentation broth.
Introduction
For a multitude of bacterial or yeast fermentations, glycerol is a frequently used carbon source. Most standard methods used to determine the glycerol content in fermentation media use the high performance liquid chromatography (HPLC) with a refractive index detector. Due to the number of samples taken during the fermentation and the need of a complex sample preparation, the HPLC measurement is not only time-consuming but also cost-intensive. In addition, several glycerol detection kits are available which are based on enzymatic reactions and spectrometric detection of a dye. Unfortunately these assays are often developed for e.g. food samples, plasma or serum and are not suitable for fermentation samples. Thus the focus in this work was to find a simple and fast glycerol detection method without the need for pretreatment of the fermentation samples. This was achieved by combining the Malaprade reaction and the Hantzsch reaction. This choice was done because methods based on the Malaprade reaction are the ones that are most widely used for the detection of 1,2-diols or related compounds including glycerol. In this reaction, glycerol is converted with periodate into formaldehyde ( Fig. 1 ) [1] .
Afterwards, the Hantzsch reaction is used for the detection of formaldehyde. In this reaction, acetylacetone and ammonia are used to form a dye in connection with formaldehyde (Fig. 2 ). This dye is 3,5-diacetyl-1,4-dihydrolutidine (DDL), which can be measured at 410 nm in a spectrophotometer [2] .
The assay can be done in a standard spectrophotometer or a microplate reader. Using the microplate reader has the advantage that more samples (e.g. 96 or 384, dependent on the well plate) can be measured at once.
Materials and methods

Fermentation media
The chemically undefined medium BMGY contained the following ingredients: 10 g L [4] .
Autoclaved glycerol was added to both media in different concentrations for assay validation. During the fermentation, the initial glycerol content in the medium was 15 g L -1 .
Fermentation of Pichia pastoris
For the fermentation, the Pichia Pink Expression System from Invitrogen was used [3] . A 50 mL overnight-culture was done in shaking flasks. 7 μL antifoam (Struktol J673A, Schill + Seilacher) was added to the medium. Inoculation of the pre-culture was done with 1 mL of a cryo-culture (OD 600~5 ). The pre-culture was grown at 30°C and 250 rpm for approx. 16 h. The fermentation was performed in a 20 L stirred tank reactor (20 L Bench Top Reactor, Applikon, Schiedam, Netherlands). Working volume was 7 L. The fermentation medium was prepared as described above. Before inoculation 1 mL sterile antifoam was added. The fermentation parameters were set to 30°C, 800 rpm and an aeration rate of 1 vvm. The medium was inoculated with the pre-culture to a final OD 600 of 0.1. Cells were grown for 24 h.
Sampling
For the detection of glycerol and biomass, samples were taken from the reactor. Therefore every h 1 mL fermentation broth was taken out of the vessel. 500 μL was immediately used for biomass determination. The other 500 μL was centrifuged (5 min, 5000 × g). The supernatant was transferred into a new tube and stored at -20°C for glycerol determination.
Biomass determination
The growth of the culture was controlled by measuring the optical density at 600 nm (OD 600 ) of the fermentation broth with a standard spectrophotometer. Samples were diluted with fermentation medium until OD 600 reaches values between 0.1 and 1. With a correlation between the optical density and the biomass dry weight, the biomass content was calculated (CDW in g L -1 = 0.47·OD 600 ). Therefore a concentration series of P. pastoris biomass was prepared. Each sample (15 mL) of the concentration series was both measured at OD 600 and for CDW (cell dry weight). For CDW determination 10 mL of the sample was centrifuged, washed with ddH 2 O, centrifuged again and resuspended in ddH 2 O. The solution was transferred to a weighted beaker and dried at 100°C until constant weight.
Glycerol detection combining the Malaprade reaction and the Hantzsch reaction
For the assay, two reagents were needed. Reagent I, the periodate reagent, consisted of 18 mg mL The assay can also be performed in a cuvette using a spectrophotometer. In this instance, 5-fold the amount of sample and reagents must be used.
Measurement of glycerol using a standard assay
The assay was performed in a microplate reader according to the microplate assay procedure in the Glycerol GK Kit manual from Megazyme [5] . In this assay, the glycerol is phosphorylated with the use of adenosine-5′-triphosphate (ATP). The formed adenosine-5′-diphosphate (ADP) is used for the phosphorylation of D-glucose which is oxidized with the formation of nicotinamide-adenine Fig. 1 . Reaction scheme of the Malaprade reaction. In this reaction, sodium periodate is used to convert glycerol into formaldehyde. Fig. 2 . Reaction scheme of the Hantzsch reaction. In this reaction, formaldehyde is converted into DDL with ammonia and acetylacetone. This dye can be measured at 410 nm. dinucleotide (NADH). The amount of NADH is detected by a measurement in a spectrophotometer at 340 nm.
Statistical analysis
For all quantitative data, mean (x) and standard deviation (s) were calculated (n = 3). The confidence intervals were calculated with a confidence level of 95% and the highest standard deviations of the measured values in percentage (s%). For the validation of the modified assay with samples of known glycerol concentrations, a standard deviation of 6.6% was used for the calculation of the confidence interval. In the measurement done with the Glycerol GK Kit, the confidence interval was calculated with a standard deviation of 11.5%. The confidence interval (CI) was calculated as follows:
for (n -1) = 2 and a confidence interval of 95% t has a value of 4.303.
Results
Validation of the modified glycerol assay
For the validation of the modified glycerol assay, the glycerol content in two different yeast fermentation media, a chemically undefined (BMGY) and a chemically defined medium (FM22), was analyzed. To do this, medium samples with known glycerol concentrations from 50 mg L -1 to 200 mg L -1 were prepared and measured.
In Fig. 3 , the desired glycerol concentrations in the samples were plotted against the concentrations measured with the modified assay. It was shown that in lower glycerol concentrations, the assay is more accurate than in higher concentrations. Nonetheless, all measured values are inside the confidence interval with a confidence level of 95%. This showed that the assay produced significant values.
Comparison of the modified glycerol assay with a standard glycerol detection kit
After the validation, the modified glycerol assay was compared with a standard glycerol detection method. Therefore, the Glycerol GK Kit from Megazyme was used. The samples with known glycerol concentrations were prepared in the same way than the samples in the validation were.
In Fig. 4 , the results of the measurement with the Glycerol GK Kit are shown. The BMGY medium samples, as well as the FM22 medium samples, had a high standard deviation up to 11.5%. Compared to the modified assay, this is a 2-fold increase. Moreover, using the Glycerol GK Kit in low glycerol concentrations, the values are outside of the 95% confidence interval. In consequence, low glycerol concentrations in fermentation broth are not reliably detectable with the Glycerol GK Kit. With regard to the results from the validation and the comparison with the Glycerol GK Kit, the modified glycerol assay seemed to be more suitable for the measurement of glycerol in yeast fermentation medium. The assay avoids sample pretreatment and can be used for glycerol determination in a broad concentration range.
Glycerol determination of unknown fermentation samples
So far, the new assay has been validated only with pure fermentation media with known glycerol concentrations. As in real fermentations, supernatant is used; the assay was performed with fermentation samples from a P. pastoris fermentation in FM22 medium. The glycerol content of the samples was unknown except the sample from the fermentation start. It should be investigated if components of the fermentation supernatant interfere with the assay or if the results stayed unaffected. FM22 has a starting glycerol concentration of 15.0 g L -1 . With the modified glycerol assay, a glycerol concentration of 15.5 g L -1 was determined at the fermentation start. This means that the desired and the measured values correlated very well in fermentation supernatants. Therefore, the assay seemed to be very robust against interfering substances as e.g. yeast proteins from the fermentation supernatant. As the assay was always performed at room temperature and as the samples always had a defined pH (pH 6 in BMGY and pH 5 in FM22) the impact of temperature and pH on test stability was not investigated. Components during fermentation which could interfere with the test are produced metabolites or increasing ) did not significantly interfere with their test [6] . In our experiments we determined reliable glycerol values independent from the fermentation medium or the fermentation time. Therefore it can be assumed that medium changes during fermentation should not interfere with the test reactions.
The results of the glycerol measurements of the fermentation samples are shown in Fig. 5 . The samples showed the expected glycerol decrease during the growth of the culture. With the measured values, a specific maximum glycerol consumption rate of 0.36 g g -1 h -1 was calculated. This correlates with the glycerol consumption rate of 0.37 g g -1 h -1 for a fermentation of P. pastoris in the same chemically defined FM22 medium [7] . According to this, the assay was not only suitable for the detection of glycerol in pure fermentation medium, but also for the detection in real fermentation samples. Although the assay was only tested in fermentations with FM22 medium, it can be assumed that the assay can also be used for the detection of glycerol in other media during fermentation. So far, the assay has also been investigated for glycerol determination during Escherichia coli fermentations, which has given reliable results.
In conclusion, the modified glycerol assay, based on the Malaprade reaction and the Hantzsch reaction, reliably determines glycerol during microbial and yeast fermentations. It combines several advantages including an easy assay set-up, a short assay time and no sample pretreatment. The assay is applicable over a wide concentration range. The microplate format of the assay allows a high sample throughout. This enables the fast and reliable measurement of many fermentation samples. Fig. 5 . Measurement of glycerol samples in a fermentation of P. pastoris in FM22 medium. The measurements were performed in triples according to the Materials and methods section. The standard deviation of the glycerol samples (circles) was between 1.9 and 4.4% and the standard deviation of the biomass samples (triangles) was between 0.7 and 1.6%. The solid lines show a regression curve for the glycerol concentration and the biomass concentration.
